The contribution of pharmacologically distinct Ca 2ϩ channels to prepulse-induced facilitation was studied in mouse cerebellar granule cells. Ca 2ϩ channel facilitation was measured as the percentage increase in the whole-cell current recorded during a test pulse before and after it was paired with a positive prepulse. The amount of facilitation was small in recordings made during the first few days in tissue culture but increased substantially after 1 week. L-type channels accounted for the largest proportion of facilitation in 1-week-old cells (60 -70%), whereas N-type channels contributed very little (ϳ3%). The toxins -agatoxin IVa or -conotoxin MVIIC (after block of N-, L-, and P-type channels) each blocked a small percentage of facilitation (ϳ12 and 14%, respectively). Perfusion of cells with GTP-␥-S enhanced the facilitation of N-type channels, whereas it inhibited facilitation of L-type channels. During development in vitro, the contribution of L-type channels to the whole-cell current decreased. Single-channel recordings showed the presence of 10 and 15 pS L-type Ca 2ϩ channels in 1-d-old cells. After 1 week in culture, a ϳ25 pS L-type channel dominated recordings from cell-attached patches. Positive prepulses increased the activity of the 25 pS channel but not of the smaller conductance channels. The expression of Ca 2ϩ channel facilitation during development may contribute to changes in excitability that allow frequency-dependent Ca 2ϩ influx during the period of active synaptogenesis.
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Voltage-gated Ca 2ϩ channels control many important neuronal functions, including membrane excitability, neurotransmitter release, and axon outgrowth. In the CNS, five types of highthreshold Ca 2ϩ channels have been identified to date, on the basis of their sensitivity to various channel blockers. Dihydropyridine antagonists inhibit L-type channels (for review, see Catterall et al., 1988; Tsien et al., 1988; Glossmann and Striessnig, 1990) . N-type channels were first characterized in peripheral neurons, where they were shown to be blocked selectively by -conotoxin GVIA (-CTX-GVIA) (McCleskey et al., 1987; Aosaki and Kasai, 1989; Plummer et al., 1989) . Central neurons also express distinct P-and Q-type Ca 2ϩ channels, which are blocked by the toxins -agatoxin IVA (-aga-IVA) and -conotoxin MVIIC (-CTX-MVIIC), respectively (Hillyard et al., 1992; Mintz et al., 1992a,b) . In addition, a class of R-type channels is insensitive to block by all of the Ca 2ϩ channel blockers (Regan et al., 1991) .
In a number of different cell types, a strong depolarization increases the Ca 2ϩ channel current evoked by a subsequent test pulse to a moderate potential. This process, which has been termed prepulse-induced facilitation or potentiation, has been described in cardiac muscle (Lee, 1987; Pietrobon and Hess, 1990; Zygmunt and Maylie, 1991) , adrenal chromaffin cells (Artalejo et al., 1991a,b; Fenwick et al., 1982; Hoshi et al., 1984) , and peripheral neurons Pollo et al., 1989; Ikeda, 1991; Kasai, 1991) . Several distinct mechanisms have been shown to underlie prepulse-induced Ca 2ϩ channel facilitation in different types of cells. Cardiac and neuronal L-type Ca 2ϩ channels undergo a type of facilitation in which channels enter a long open state at positive potentials (Pietrobon and Hess, 1990; Forti and Pietrobon, 1993) . Facilitation of L-type channels also seems to require channel phosphorylation (Yue et al., 1990; Artelejo et al., 1992; Scultoreanu et al., 1993a,b) . On the other hand, prepulseinduced facilitation of N-type channels in peripheral neurons involves a different mechanism in which strong depolarization relieves the block of the channel by an activated GTP-binding protein (Elmslie et al., 1990; Ikeda, 1991; Kasai, 1991) .
There is little information about prepulse-induced facilitation of Ca 2ϩ channels in central neurons. It is not known, for example, whether the mechanisms that produce facilitation of N-and L-type channels in peripheral neurons can account for the facilitation of these channel types in central neurons. There is also little information on whether facilitation is a property of other types of Ca 2ϩ channels in central neurons. Dissociated cultures of cerebellar cells are enriched in granule cells and have been useful for studying ion channel diversity in central neurons. The aim of this study is to investigate which types of Ca 2ϩ channels contribute to facilitation of the whole-cell Ca 2ϩ current in granule cells and to determine whether the mechanisms are similar to those in peripheral neurons.
Parts of this paper have been published previously (Parri and Lansman, 1994) .
MATERIALS AND METHODS
Tissue culture. Cultures of dissociated mouse cerebellar cells were prepared as described previously (Slesinger and Lansman, 1991a) . Cerebel-lar cells were plated at a density of 0.05-0.5 ϫ 10 6 cells/ml on glass coverslips (Deutsche Spiegelglas) precoated with 25 mg/ml poly-L-lysine (Sigma, St. Louis, MO). Cultures were kept in a humidified atmosphere of 5% CO 2 /95% air at 37ЊC in a medium containing Minimum Essential Medium (MEM) with Earle's basal salts and 2 mM glutamine (UCSF Cell Culture Facility). MEM was supplemented with 10% fetal bovine serum, 25 mM KCl, and 0.12% glucose.
Solutions. For whole-cell recordings, the intracellular solution contained (in mM): 100 aspartic acid, 10 HEPES, 20 TEA-Cl, 10 EGTA, 5 glucose, and 1 MgCl 2 , adjusted to pH 7.4 by adding CsOH. The intracellular solution also contained 4 mM MgATP and 0.5 GTP Mm to minimize rundown of the Ca 2ϩ current. In some experiments, GTP was replaced by either GTP-␥-S or GDP-␤-S (Sigma). The osmolarity was adjusted to 320 mOsm by adding TEA-Cl. The external solution contained 120 TEA-Cl, 10 HEPES, 10 glucose, 5 BaCl 2 , and 1 M TTX. The pH was adjusted to 7.4 by adding TEA-OH. Currents through single channels were recorded with an electrode-filling solution containing (in mM): 100 BaCl 2 [(Aldrich Chemicals, Milwaukee, WI) Ͼ 99.9% purity], 10 HEPES, and 10 glucose; the pH was adjusted to 7.4 by adding TEA-hydroxide. The bathing solution contained (in mM): 150 KOH, 5 MgCl 2 , 60 glucose, 1 EGTA, and 10 HEPES. The pH was adjusted to 7.4 by adding methanesulfonic acid. An isotonic K ϩ bathing solution was used for the single-channel recordings to zero the cell resting potential so that the patch potential would be the same as the voltage command applied to the patch-clamp amplifier. The voltage error introduced by this procedure was generally Ͻ5 mV. An error as large as 10 -15 mV was measured in a small number of experiments as a shift in the single-channel i-V relation after patch excision. The contribution of this source of error was minimized by rejecting experiments in which there was a change in the single-channel current after excising the patch at the end of an experiment.
The dihydropyridine antagonists nimodipine and nifedipine (RBI, Natick, MA) were prepared as 0.1 M stock solutions in 100% ethanol. The dihydropyridine agonist (Ϫ)Bay K 8644 (RBI) was prepared as a 0.01 M stock solution in 100% ethanol. -CTX-GVIA (Sigma) was prepared as a 50 ϫ 10 Ϫ6 M stock solution in distilled H 2 O. -aga-IVA (Peptides International, Louisville, KY) and -CTX-MVIIC (RBI) were prepared as a 1 ϫ 10 Ϫ4 M stock solution in distilled water. Stock solutions of the toxins were stored at Ϫ20ЊC. Fresh solutions were prepared on each day of the experiments. Drugs were applied by perfusing the cell locally with a second pipette having a tip diameter of ϳ50 m. The perfusion pipette was lowered into the bath and positioned close to the cell under study after a stable recording had been established.
Electrophysiological methods. Individual coverslips were placed in a recording chamber mounted on a Nikon phase-contrast microscope. Whole-cell or single-channel currents were recorded following the method described by Hamill et al. (1981) . Patch electrodes were made from Boralex hematocrit glass (Rochester Scientific) and had resistances of 3-5 M⍀ with Cs-Asp in the electrode and 5 BaCl 2 /TEA in the bath (whole-cell recordings) or 5-7 M⍀ with 100 Ba 2ϩ in the electrode and K ϩ -methanesulfonate in the bath (single-channel recordings). Current signals were recorded with a List EPC-7 amplifier with a 0.5 G⍀ feedback resistor in the headstage. Voltage command pulses were generated, and current responses were simultaneously digitized and stored on a laboratory computer (LSI 11/73, Indec Systems, Sunnyvale, CA). Currents were filtered with an eight-pole, low-pass Bessel filter at 1 kHz (Ϫ3dB) and sampled at 5 kHz. The junction potential between the electrode-filling solution and the bath was zeroed before making a seal. After establishment of a whole-cell recording, the cell membrane capacitance was compensated for by an analog circuit that injected a current proportional to the integral of the test voltage step after filtering and scaling. The membrane capacitance was obtained from the compensation circuit, which was determined to be within ϳ20% of the actual value, as estimated by measurements on a test circuit. An analog circuit was used to compensate for ϳ50 -70% of the series resistance. The small size of the currents in these experiments indicated that there was a maximum voltage error of ϳ2 mV produced by current flow through the series resistance. Test pulses were delivered at 0.05-0.2 Hz. All current traces shown were corrected for linear leak and capacity current by subtracting, after appropriate scaling, the averaged current response to four voltage steps of one fourth the amplitude of the test pulse. All recordings were made at room temperature (21-24ЊC).
Analysis of data. Facilitation was expressed either as the percentage increase of the current during a test pulse before and after pairing it with a positive prepulse (percentage facilitation) or the percentage change in the amplitude of the facilitation current (difference between test pulse current before and after pairing with a prepulse) before and after exposure to various channel blockers (percentage contribution to facilitation current). In most experiments, the test pulse was separated from the prepulse by a 5 msec interpulse interval. This was sufficient time to allow open channels to close (Slesinger and Lansman, 1991a) . The strong prepulse also produced a slow tail current, which appeared after repolarization ( ϭ 8 -10 msec at Ϫ80 mV). This slow tail current reflected the closing of L-type channels that had entered a long open-state gating mode during the prepulse (Pietrobon and Hess, 1990; Forti and Pietrobon, 1993; Lansman, 1991c, 1996) . To avoid contamination of the current during the test voltage step, the amplitude of the current was measured 20 -30 msec after the onset of the test step. Granule cells in culture elaborate neurites, which may have contributed to spatial nonuniformity of the membrane potential. In experiments on cells during the first week in culture, we chose cells for recordings that did not have elongated neurites. In some experiments, however, we observed a tail current with Ͼ40 msec that may have been associated with spatial nonuniformity of the membrane potential. Recordings in which these very slow tail currents appeared were excluded from the kinetic analysis.
RESULTS

Prepulse-induced facilitation in cultured cerebellar granule cells
Ca 2ϩ channel currents were isolated with intracellular Cs ϩ to block current through K ϩ channels and with 5 mM Ba 2ϩ as the charge carrier. Figure 1 A shows an example of the effect of previous depolarization on the amplitude of the Ca 2ϩ channel current recorded during a test pulse to 0 mV. The recording was made from a cerebellar granule cell that had been in culture 1 week. In the absence of a prepulse, the voltage step to 0 mV activated an inward current that showed both a fast and a slow phase of activation (smaller current record). When the test pulse was preceded by a prepulse to ϩ90 mV, the Ca 2ϩ channel current reached a larger peak amplitude and then decayed during the voltage step.
A number of electrophysiological studies of cerebellar granule cells have documented changes in membrane excitability during development Haws et al., 1993; Rossi and Slater, 1993) . In recordings from mouse cerebellar granule cells, we found that Ca 2ϩ channel facilitation was critically dependent on the length of time the cells had been in tissue culture. Figure 1B shows the change in prepulse-induced facilitation during development in culture. In recordings from cells during the first few days in culture, the prepulse increased the current during the test pulse by ϳ35%. After ϳ1 week in culture, however, the prepulse roughly doubled the Ca 2ϩ current. The increase in facilitation was not maintained, and facilitation decreased substantially in 2-week-old cells. These results suggest that the in vitro development of granule cells is associated with changes in Ca 2ϩ channel facilitation. In the first series of experiments, we analyzed the pharmacological components of prepulse-induced facilitation to determine which types of Ca 2ϩ channels contributed to the increase in current (see below).
Pharmacological components of prepulse-induced facilitation
Previous studies of Ca 2ϩ currents in cerebellar granule cells showed that a large component is carried by dihydropyridinesensitive L-type Ca 2ϩ channels, whereas a smaller component is carried by -CTX-sensitive, N-type channels (Huston et al., 1990; De Waard et al., 1991; Marchetti et al., 1991; Slesinger and Lansman, 1991a; Haws et al., 1993) . The recent availability of the neuronal Ca 2ϩ channel toxins -aga-IVA and -CTX-MVIIC have made it possible to distinguish components of the dihydropyridine-and -CTX-GVIA-insensitive current in granule cells Chavis et al., 1995; Randall and Tsien, 1995) . We used these toxins to identify the contribution of pharmacologically distinct channel types to facilitation. Figure 2 A shows an experiment in which a cell was exposed to a saturating concentration of the dihydropyridine antagonist nimodipine (10 M). Under control conditions (top), the prepulse to ϩ90 mV roughly doubled the peak amplitude of the Ca 2ϩ channel current. Subsequent exposure of the cell to nimodipine (bottom) reduced the control current evoked in the absence of the prepulse by roughly one quarter. In a number of experiments, nimodipine blocked 29 Ϯ 3% (ϮSD, n ϭ 21) of the current during the test pulse. Note that nimodipine also reduced the outward current elicited by the prepulse. Block of the outward current by nimodipine suggests that it is carried by Cs ϩ through L-type channels (Lee and Tsien, 1984) .
Nimodipine produced a marked inhibition of the facilitation current (current evoked in excess of the control current when the test pulse was paired with a prepulse). Figure 2B shows the percentage reduction of the facilitation current measured in a number of cells that were exposed to nimodipine. As shown in Figure 2 B, nimodipine inhibited ϳ60 -70% of the facilitation current. Nimodipine inhibited a much larger fraction of the facilitation current than it inhibited during the test pulse alone (25-45%) (Slesinger and Lansman, 1991a; Haws et al., 1993; Chavis et al., 1995) . The effects of nimodipine show that L-type channels contribute a major component to the prepulse-induced facilitation in granule cells. A smaller component, however, is carried by dihydropyridine-insensitive Ca 2ϩ channels. The dihydropyridine-insensitive facilitation was examined further with neuronal Ca 2ϩ channels toxins. Figure 2 B shows that the N-type channel blocker -CTX-GVIA (3 M) blocked very little of the facilitation current (ϳ3%). Moreover, higher doses of -CTX-GVIA did not produce any additional inhibition of facilitation (data not shown). This stands in contrast to the effects of 2ϩ currents evoked by voltage steps to 0 mV from a holding potential of Ϫ80 mV. The voltage step was applied either alone (smaller current) or after a 200 msec prepulse to ϩ90 mV. The bathing solution contained 5 mM Ba 2ϩ as the charge carrier. B, Changes in prepulse-induced facilitation during development of granule cells in tissue culture. The amount of facilitation was measured as ratio of the peak current elicited by a test pulse to Ϫ20 mV measured with and without a prepulse to ϩ90 mV ϫ 100. Error bars ϭ SEM (n ϭ 7-11).
-CTX-GVIA on the current evoked by the test pulse alone, where it reduced the current by 17 Ϯ 3% (ϮSD, n ϭ 10) in 1-week-old cells. Although N-type channels contribute to the whole-cell currents, they contribute a negligible component to facilitation of the Ca 2ϩ current in granule cells measured with standard recording solutions.
The spider toxin -aga-IVA blocks a class of P-type channels in Purkinje cells and other central neurons (Mintz et al., 1992a,b) .
Analysis of the actions of -aga-IVA, however, is complicated by its slow blocking kinetics at low concentrations and the ability of strong depolarizations to relieve channel block (Mintz et al., 1992a,b) . We chose to examine the sensitivity of prepulse-induced facilitation to 200 nM -aga-IVA; at this concentration, virtually all of the P-type channels are expected to be blocked, and steadystate block is reached within minutes. Because voltage-dependent relief from -aga-IVA block proceeds with a rate that is slower than the onset of facilitation, substantial unblocking would not be expected with the single short prepulses that were used to study facilitation in these experiments.
Recordings from granule cells were made before and after exposure to 200 nM -aga-IVA. We found that -aga-IVA reduced the current during the test pulse by 18 Ϯ 3% (n ϭ 15). Figure 2B shows that -aga-IVA reduced prepulse-induced facilitation by ϳ12%, although it blocked the current during the test pulse by 18 Ϯ 3% (n ϭ 11) (also see Chavis et al., 1995) . The effects of -aga-IVA on Ca 2ϩ currents in granule cells, however, are complex and may involve additional blockade of N-and L-type channels (Pearson et al., 1995) or a class of neuronal Q-type channel (Randall and Tsien, 1995) . We found no evidence to indicate that -aga-IVA blocked N-or L-type channels. To assess the contribution of Q-type channel inhibition to the actions of -aga-IVA, we examined the effects of -CTX-MVIIC, which is thought to inhibit N-, P-and Q-type channels (Hillyard et al., 1992) . In these experiments, granule cells were exposed continuously to -CTX-GVIA (3 M) and -aga-IVA (200 nM). Exposure of granule cells to 3 M -CTX-GVIA would be expected to block all of the N-type channels, whereas 200 nM -aga-IVA would block 100% of the P-type channels and ϳ80% of the Q-type channels (Randall and Tsien, 1995) . Subsequent addition of -CTX-MVIIC, therefore, would be expected to inhibit very little of the facilitation current if most of the Q-type channels had already been blocked by -aga-IVA. We found that 3 M -CTX-MVIIC reduced the current during the test pulse by 20 Ϯ 3% (ϮSD, n ϭ 5) in cells that were exposed continuously to 3 M -CTX-GVIA and 200 nM -aga-IVA. Figure 2B shows that -CTX-MVIIC reduced prepulse-induced facilitation by 14%. Thus, there is an -CTX-MVIIC-sensitive component of facilitation that is not carried by N-or P-type channels. We attribute this to the Q-type channels that were unblocked in the presence of 200 nM -aga-IVA. If block of Q-type channels accounted for most of the aga-IVA-sensitive current, then the contribution of P-type channels to facilitation is likely to be negligible. Because the absolute size of the -aga-IVA-sensitive component of facilitation was small (ϳ10 pA in most cells), however, we did not study it further. Figure 3 shows the analysis of the voltage dependence and kinetics of facilitation in granule cells perfused with a standard intracellular solution. The bathing solution contained 3 M -CTX-GVIA to inhibit the N-type channels. Figure 3A shows the I-V relation of the whole-cell Ca 2ϩ channel current measured in response to a test pulse that was delivered either with ( filled circles) or without (open circles) a prepulse to ϩ90 mV. When the test pulse was preceded by a prepulse (open symbols), facilitation was observed at negative test pulse potentials. The apparent reduction of the current measured during positive test pulses may reflect a shift in the I-V relation to more negative potentials. Figure 3B shows the effect of the prepulse potential on the facilitation of the current during a test pulse to Ϫ20 mV. At this test potential, the prepulse produced the largest increase in the test pulse current. The activation of facilitation was biphasic with recorded from a granule cell before (top) and after (bottom) exposure to 10 M nimodipine. Ca 2ϩ channel currents were measured during a test pulse to Ϫ20 mV from a holding potential of Ϫ80 mV. The voltage step was applied either alone (smaller current) or 5 msec after a prepulse to ϩ90 mV. Note that a large fraction of the outward current activated during the prepulse to ϩ90 mV was blocked by nimodipine, suggesting that the outward current flows through Ca 2ϩ channels. B, The effects of Ca 2ϩ channel blockers on prepulseinduced facilitation. Nimodipine (10 M) blocked 61 Ϯ 7% (n ϭ 9); -CTX-GVIA (3 M) blocked 3 Ϯ 2.5% (n ϭ 6); -Aga-IVA (200 nM) blocked 12 Ϯ 4.5% (n ϭ 6); -CTX-MVIIC (3 M applied after -CTX and -aga) blocked 14 Ϯ 5% (n ϭ 5) of the facilitation current.
V 1/2 ϭ ϳ0 and ϩ60 mV. Moreover, facilitation increased at very positive potentials without apparent saturation.
The kinetics of facilitation was studied with a two-pulse voltage clamp protocol. Figure 3C shows the time course of the development of facilitation measured in response to prepulses of increasing duration. Facilitation developed along a double-exponential time course ( fast ϭ ϳ12 msec and slow ϭ ϳ300 msec). Figure 3D shows the time course of the recovery of facilitation measured Open circles, Peak current measured during a test pulse to the potential indicated on the voltage axis. Filled circles, Peak current during a test pulse to the potential indicated on the voltage axis when preceded by a prepulse to ϩ90 mV. The currents are normalized to their maximum amplitude. B, Voltage-dependent activation of facilitation. The graph plots the amount of facilitation (normalized to its maximum value) as a function of the prepulse potentials; the curve was fit by eye. Inset, The current responses to test pulses to Ϫ20 mV when preceded by prepulses to 0, ϩ50, and ϩ90 mV (from bottom to top). C, The rate of onset of facilitation measured with a two-pulse voltage-clamp protocol. The amount of facilitation during a test pulse to Ϫ20 mV was measured after a prepulse to ϩ90 mV that lasted from 10 to 500 msec. The onset of facilitation was fit with a double exponential with time constants fast ϭ 12 msec and slow ϭ 300 msec. Inset, The current responses to test pulses to Ϫ20 mV when preceded by a prepulse to ϩ90 mV that lasted 100, 200, and 500 msec. D, The time course of recovery from facilitation measured with a two-pulse voltage-clamp protocol. Facilitation declined along a double-exponential time course with fast ϭ 7 msec and slow ϭ 93 msec. Inset, The current responses to voltage steps to Ϫ20 mV measured 5, 20, 50, 100, and 200 msec after repolarizing the membrane potential to the holding potential of Ϫ80 mV after the prepulse to ϩ90 mV. Data points are the mean Ϯ SEM (n ϭ 5). Current calibration, 100 pA; time calibration, 100 msec. after repolarizing the potential to Ϫ80 mV for varying times before applying the test pulse. Facilitation also decayed along a double-exponential time course ( fast ϭ 7 msec and slow ϭ 93 msec).
The complex kinetics of facilitation may reflect the individual contribution of L-and Q-type channels. The contribution to facilitation of these channels can be demonstrated in the presence of -CTX-MVIIC, which blocks a large fraction of the non-L, non-N-current in hippocampal neurons (Hillyard et al., 1992) . Figure 4 shows the contribution of the -CTX-MVIIC-sensitive channels to facilitation of the Ca 2ϩ current. Figure 4A shows the current during a test pulse before and after the test pulse was paired with a prepulse. After facilitation of the Ca 2ϩ channel current was measured in the absence of any blockers (control), the cell was exposed to -CTX-MVIIC. After adding -CTX-MVIIC, the facilitation current evoked in excess of the control current was reduced by ϳ30%. Subsequent addition of -CTX-MVIIC and nimodipine inhibited virtually all of the facilitation current. Figure  4B shows the effects of -CTX-MVIIC and nimodipine on the amplitude of the facilitation current evoked with prepulses to different potentials. Addition of -CTX-MVIIC reduced the amplitude of the facilitation current over the entire range of prepulse potentials. Subsequent addition of nimodipine reduced the facilitation current further, although the block by nimodipine was not complete at the most positive prepulse potentials. Thus, the dihydropyridine-insensitive component of facilitation can be accounted for fully by the presence of -CTX-MVIIC-sensitive Ca 2ϩ channels.
Enhancement of N-type channel facilitation by intracellular GTP-␥-S
In peripheral neurons, prepulse-induced facilitation involves a voltage-dependent relief of the block of N-type Ca 2ϩ channels by activated G-proteins (Pollo et al., 1989; Elmslie et al., 1990; Ikeda, 1991; Kasai, 1991) . Perfusion of granule cells with GTP-␥-S, however, inhibits L-type as well as N-type channels (Haws et al., 1993) . Consequently, we asked whether the facilitation of the whole-cell Ca 2ϩ channel current involved a voltage-dependent relief from inhibition by a G-protein and whether it involved both N-and L-type channels. In these experiments, 0.5 mM GTP-␥-S was introduced into the cell through the recording electrode to produce maximal activation of endogenous G-proteins. Figure 5A shows a recording from a granule cell that was perfused with GTP-␥-S. The Ca 2ϩ current evoked by a step depolarization to 0 mV from a holding potential of Ϫ80 mV showed a slow phase of activation characteristic of Ca 2ϩ currents recorded with electrode solutions containing GTP-␥-S (Dolphin and Scott, 1987; Kasai and Aosaki, 1989; Haws et al., 1993) . When the test pulse to 0 mV was preceded by a prepulse to ϩ90 mV, the Ca 2ϩ current during the test pulse activated more quickly and reached a larger peak amplitude. Prepulse-induced facilitation was measured as the percentage increase in the current that was Figure 4 . Effects of -CTX-MVIIC (3 M) and nimodipine (10 M) on facilitation. A, Currents recorded during a test pulse to Ϫ20 before and after (ϩ prepulse) pairing the test pulse with a 200 msec prepulse to ϩ50 mV. After the prepulse, the membrane was repolarized to Ϫ80 mV for 5 msec before the test pulse was delivered. This pulse protocol was applied to the cell in the absence of blockers (top) and after sequential exposure to -CTX-MVIIC (MVIIC; middle) and -CTX-MVIIC and nimodipine (MVIIC ϩ Nimodipine; bottom). B, The amplitude of the facilitation current (current with prepulse-current without pulse) plotted as a function of the prepulse potential. The prepulse dependence of the facilitation current was measured before applying blockers (open circles), after exposure to 3 M -CTX-MVIIC ( filled circles), and subsequently after exposure to 3 M -CTX-MVIIC and 10 M nimodipine (open squares). measured 30 msec after the onset of the test pulse. The results from a number of experiments with GTP-␥-S in the recording electrode are shown in Figure 5B .
The facilitation observed when cells are perfused with a standard intracellular solution may be the result of a tonic G-proteinmediated inhibition of Ca 2ϩ channels. To test this prediction, cells were perfused with GDP-␤-S to prevent formation of activated G-protein. As shown in Figure 5B , there seemed to be somewhat more facilitation in cells perfused with GDP-␤-S than in those with GTP, but the difference was not statistically significant (70 Ϯ 20% vs 50 Ϯ 30%, n ϭ 11 and 7, respectively). Perfusion of cells with GDP-␤-S had no effect on the Ca 2ϩ current density (20 Ϯ 3% with GDP-␤-S vs 22 Ϯ 3% control, n ϭ 16 and 11, respectively), suggesting that it did not alter the relative proportions of the various channel types.
Figure 5B shows that the Ca 2ϩ channel facilitation measured with intracellular GTP-␥-S was blocked completely when the external solution contained 3-6 M -CTX GVIA. Nimodipine, by contrast, produced a small, statistically insignificant increase in the percentage facilitation. This small increase in facilitation, however, could be attributed to the small reduction of the control current by nimodipine (data not shown). Evidently, the mechanism of facilitation changes when cells are perfused with GTP-␥-S.
In cells perfused with standard solutions, the facilitation current is carried predominantly by L-type channels, with a smaller component carried by -CTX-MVIIC-sensitive channels. Intracellular perfusion of cells with GTP-␥-S, however, enhanced the facilitation of N-type channels while apparently suppressing the facilitation of L-as well as non-L, N-type channels.
We next asked whether facilitation observed in the presence of GTP-␥-S could be distinguished from the facilitation measured with standard intracellular solutions by its voltage dependence and kinetics. Figure 6A shows that facilitation of N-type channels in cells perfused with GTP-␥-S could be observed over a much wider range of test pulse potentials than that measured with standard intracellular solutions. A prepulse to ϩ90 mV increased the current evoked by test pulses from Ϫ40 to up to ϩ30 mV. In addition, Figure 6B shows that facilitation increased with the potential of the prepulse along a simple sigmoidal activation curve. Figure 6C shows the time course of the development of facilitation measured with a two-pulse voltage protocol. Facilitation developed rapidly, reached a maximum by 20 msec, and then inactivated (Fig. 6C) . The recovery from facilitation was also studied with a two-pulse protocol. Figure 6D shows that facilitation declined at the holding potential along a double-exponential time course ( fast ϭ 15 msec and slow ϭ 135 msec at Ϫ80 mV).
Figure 5. Effect of intracellular GTP-␥-S on facilitation.
A, Records of the whole-cell Ca 2ϩ channel currents carried by Ba 2ϩ in a cell perfused with GTP-␥-S (0.5 mM). With intracellular GTP-␥-S, the Ca 2ϩ current evoked by a test pulse to 0 mV activates slowly and shows little inactivation during the pulse. The prepulse to ϩ90 mV increased the current during the subsequent test pulse to 0 mV. B, Pharmacological sensitivity of prepulse-induced facilitation in cells perfused with GTP-␥-S. Test pulse ϭ Ϫ20 mV for GTP and GDP-␤-S; 0 mV for GTP-␥-S, GTP-␥-S ϩ -CTX, and GTP-␥-S ϩ nimodipine.
Effect of dihydropyridine agonist
Dihydropyridine agonists contribute to the facilitation of cardiac L-type channels by promoting a long-lived open state (Hess et al., 1984; Lacerda and Brown, 1989) . Strong positive prepulses also promote a long-lived open state that underlies the facilitation of L-type channels in cardiac muscle (Pietrobon and Hess, 1990) , chromaffin cells (Artalejo et al., 1991b) , and central neurons (cerebellar granule cells: Slesinger and Lansman, 1991b; Forti and Pietrobon, 1993; Slesinger and Lansman, 1996 ; hippocampal neurons: Kavalali and Plummer, 1994) . We examined the effect of the agonist on facilitation to determine whether it recruits the same population of L-type channels as the prepulse. Figure 7 shows an experiment in which facilitation was measured before and after exposure of cells to the dihydropyridine agonist Bay K 8644. Figure 7A shows the current evoked by the test pulse to Ϫ20 mV alone (smaller current in each set) or after a prepulse to ϩ90 mV. The voltage step protocol was applied to the cell before (top) and after (bottom) exposure to Bay K 8644. Before adding the agonist, the prepulse increased the current during the test pulse by roughly three times. After the cell was exposed to the agonist, the current evoked by the test pulse alone was increased two-to threefold. When the prepulse to ϩ90 mV was applied before the test pulse, however, there was a further doubling of the current. Figure 7B shows the combined results current. Open circles, Peak current measured during a test pulse to the potential indicated on the voltage axis. Filled circles, Peak current during a test pulse to the potential indicated on the voltage axis when preceded by a prepulse to ϩ90 mV. The currents are normalized to their maximum amplitude. The prepulse increases the peak current over a range of test pulse potentials. B, Voltage-dependent activation of facilitation. The graph plots the amount of facilitation (normalized to its maximum value) as a function of the prepulse potential. The relation was fit to a Boltzmann relation with V 1/2 ϭ 35.5 mV and steepness k ϭ 24.9 mV. Inset, Amplitude of the current during a test pulse to 0 mV when preceded by a prepulse to either 0 or ϩ90 mV (from bottom to top). C, Time course of the onset of facilitation measured with a two-pulse voltage-clamp protocol. Inset, Amplitude of the current during a test pulse to 0 mV when preceded by prepulses to ϩ90 mV that lasted 1, 5, or 10 msec. Current scale, 100 pA; time scale, 40 msec. D, Time course of recovery from facilitation measured with a two-pulse voltage-clamp protocol. Facilitation declined along a double-exponential time course with fast ϭ 15 msec and slow ϭ 135 msec. Inset, The currents evoked by voltage steps to 0 mV measured 5, 10, 20, 50, and 100 msec after repolarizing the membrane to Ϫ80 mV after a 200 msec prepulse to ϩ90 mV. Data points are mean Ϯ SEM (n ϭ 5). Current scale, 100 pA; time scale, 100 msec. from a number of cells. The small reduction in the percentage facilitation caused by exposure to the agonist can be explained in terms of the increased amplitude of the control current measured in the absence of a prepulse. That the amount of facilitation was not greatly altered by exposure to the agonist suggests that the prepulse and the agonist facilitate the current by different mechanisms.
Effects of phosphorylation
To test whether facilitation required phosphorylation of the channel, granule cells were exposed to the nonselective protein kinase inhibitor H7. Cells were treated with H7 (200 M) by adding it to the bathing solution at the start of an experiment. Facilitation was measured during a test pulse to Ϫ20 mV before and after pairing it with a prepulse to ϩ90 mV. The percentage facilitation was 89 Ϯ 27% (SD, n ϭ 8) in cells exposed to H7 and 81 Ϯ 28% (SD, n ϭ 10) in untreated cells from the same isolation. The absence of an effect of kinase inhibition on facilitation contrasts with the finding that kinase inhibition blocks facilitation of L-type channels in chromaffin cells (Artalejo et al., 1992) and those expressed from the neuronal ␣ 1C .
Changes in L-type channels during development
We were concerned in subsequent experiments with obtaining information on the mechanism that contributes to the change in facilitation during development. Experiments focused on L-type channels, because they contribute the dominant component of facilitation in 1-week-old cells. The increase in facilitation during the first week in culture could be attributable to an increase in the number of L-type channels; however, Figure 8 shows that the contribution of L-type channels to the whole-cell current decreased with time. Figure 8A shows that the peak Ca 2ϩ current density increased during the first week in culture but remained relatively constant throughout the second week. Figure 8B , however, shows that the proportion of the whole-cell current that was blocked by a saturating dose of nimodipine decreased with the amount of time in culture. Consequently, the increase in facilitation during development in culture is not attributable simply to an increase in the expression of L-type Ca 2ϩ channels in 1-week-old cells.
We also examined whether the increase in facilitation after 1 week could be explained by a change in channel sensitivity to phosphorylation by cyclic AMP-dependent protein kinase. Inclu- Figure 7 . Facilitation of the Ca 2ϩ channel current persists after exposure to dihydropyridine agonist. The bathing solution contained 3 M -CTX-GVIA. A, Top shows the whole-cell currents carried by Ba 2ϩ evoked by a test pulse to Ϫ20 mV in the presence and absence (large and small currents, respectively) of a prepulse to ϩ90 mV. Bottom shows the currents recorded in response to the same pulse protocol after the cells were exposed for several minutes to 1 M Bay K 8644 (BayK ). B, The effects of Bay K 8644 (Bay K ) on prepulse-induced facilitation. In the absence of the dihydropyridine agonist, the prepulse to ϩ90 mV increased the Ca 2ϩ channel current by 202 Ϯ 40% (SEM, n ϭ 4). In the presence of agonist, the prepulse increased the current by 129 Ϯ 11% (SEM, n ϭ 4).
sion of the cyclic AMP-dependent kinase activator SpcAMPs (200 M) in the recording electrode increased the Ca 2ϩ current density in cells that had been in culture 1-4 d from 9.8 Ϯ 3 pA/pF to 17.2 Ϯ 1.5 pA/pF (ϮSEM, n ϭ 4). Although the current density was increased, there was no change in the percentage facilitation. In cells that had been in culture 6 -8 d, inclusion of SpcAMPs (200 M) reduced the Ca 2ϩ current density from 31.8 (n ϭ 2) to 20.5 Ϯ 4 pA/pF (n ϭ 6, SEM). Phosphorylation via kinase A, therefore, cannot explain the increase in facilitation during the first week in culture.
An alternative mechanism is that the appearance of facilitation involves a change in channel properties. To test this possibility, we recorded single-channel activity from cell-attached patches. Single L-type Ca 2ϩ channels were identified by including the dihydropyridine agonist Bay K 8644 in the bathing solution to prolong the duration of the single-channel openings. Figure 9 shows examples of recordings from cell-attached patches on cells that had been in culture either 1 (left column) or 6 (right column) d. Single-channel activity was evoked by a test pulse to Ϫ30 mV from a holding potential of Ϫ60 mV. In recordings from cells during the first day in culture, the activity of two small-conductance L-type channels with conductances of ϳ10 and 15.5 pS dominated the channel activity recorded from cell-attached patches (Fig. 9Ai,iii) . Figure  9Aii shows that there was very little change in the single-channel activity when the test pulse to Ϫ30 mV was preceded by a prepulse to ϩ90 mV. On the other hand, recordings from cells during the sixth day in culture showed the activity of an L-type channel with a conductance of ϳ24 pS (Fig. 9Bi,iii) . As shown in Figure 9Bi ,ii, channel activity was low during the test pulse to Ϫ30 mV, but application of a prepulse to ϩ90 mV before the test pulse dramatically increased channel opening probability. This finding is consistent with those of others in which strong depolarization was found to prolong opening of a 25-27 pS L-type channel (cardiac muscle: Pietrobon and Hess, 1990; granule cells: Slesinger and Lansman, 1991b; Forti and Pietrobon, 1993 ; hippocampal neurons: Kavalali and Plummer, 1994) .
DISCUSSION
Prepulse-induced Ca 2ϩ channel facilitation can be detected in cultured cerebellar granule cells, although its magnitude varies with the amount of time the cells are maintained in tissue culture. Facilitation is carried largely by L-type Ca 2ϩ channels in recordings made with standard internal solutions. When cells were perfused with GTP-␥-S, however, facilitation of L-type channels was inhibited, whereas the facilitation of N-type channels was enhanced. The facilitation of N-type channels with intracellular GTP-␥-S was characterized by a slow rate of current activation during the test pulse, with a shift of activation to more negative membrane potentials Ikeda, 1991) . The voltage dependence and kinetics of N-type channel facilitation in granule cells were generally similar to those described in peripheral neurons (Elmslie et al., 1990; Ikeda, 1991) .
Although L-type Ca 2ϩ channels contributed the largest component to the facilitation measured with standard recording solutions, a proportion was resistant to inhibition by dihydropyridines. Experiments with -CTX-MVIIC showed that the dihydropyridine-resistant facilitation could be accounted for by the contribution of Q-type channels. The participation of P-type channels was more difficult to assess, because block of facilitation by -aga-IVA may involve the block of Q-type channels. Because the -CTX-MVIIC-sensitive component (during continuous exposure to -aga-IVA) was as large as the -aga-IVA-sensitive component, the contribution of P-type channels is likely to be small. The effects of -aga-IVA, however, cannot be attributed to block of N-and L-type channels, as suggested by Pearson et al. (1995) , because we found that -aga-IVA blocked much less facilitation than nimodipine and more than -CTX-GVIA.
Molecular basis of facilitation in granule cells
Mammalian brain expresses five classes of Ca 2ϩ channel ␣ 1 subunits (Snutch et al., 1990; Soong et al., 1993) . The class C and D ␣ 1 subunits encode L-type Ca 2ϩ channels (Hui et al., 1991; Snutch et al., 1991; Williams et al., 1992) that are expressed throughout the granular layer of the cerebellum (Hell et al., 1993) . Expression of the cloned cardiac, smooth muscle, and neuronal ␣ 1C subunits produces Ca 2ϩ currents that are facilitated by positive prepulses (Sculptoreanu et al., 1993b; Bourinet et al., 1994; Kleppisch et al., 1994) . Facilitation of the L-type channels in granule cells is Figure 8 . Changes in the whole-cell Ca 2ϩ channel current during development in tissue culture. A, Ca 2ϩ current density measured after different times in culture. The Ca 2ϩ current density was 21 Ϯ 2.4 pA /pF at 1-4 DIV (n ϭ 12), 34 Ϯ 3.8 pA /pF at 6 -8 DIV (n ϭ 7), and 39 Ϯ 5.08 pA/pF at 14 -15 DIV (n ϭ 12). B, Contribution of L-type channels to the whole-cell Ca 2ϩ current at different times in culture. Nimodipine (10 M) blocked 35.4 Ϯ 3% of the current at 1-4 DIV (n ϭ 7), 27.3 Ϯ 5.2% of the current at 6 -8 DIV (n ϭ 7), and 14.1 Ϯ 4.7% of the current at 14 -15 DIV (n ϭ 8).
generally similar to the cloned ␣ 1C in the time course of facilitation and the persistence of facilitation in the presence of dihydropyridine agonist. Facilitation of both the cardiac and neuronal ␣ 1C, however, is blocked completely by inhibitors of cyclic AMPdependent protein kinase (Sculptoreanu et al., 1993b; . In contrast to the behavior of the cardiac and neuronal ␣ 1C , however, the facilitation of L-type channels in granule cells was not blocked by the kinase inhibitor H7, which was found to block facilitation of the neuronal ␣ 1C . Because the granular layer of the cerebellum shows high levels of immunoreactivity toward an antibody to class D L-type channels (Hell et al., 1993) , it is possible that class D channels contribute to the whole-cell Ca 2ϩ currents. Consequently, the absence of an effect of phosphorylation on facilitation may reflect a fundamental difference between class C and D L-type channels. Alternatively, the difference between L-type channels in granule cells and the neuronal ␣ 1C may reflect the contribution of different splice variants or the incorporation of ancillary subunits, such as the ␤ subunit, which was found to be required for facilitation of the neuronal ␣ 1C . Single-channel recordings showed that there is considerable diversity of L-type channels in granule cells (also see Slesinger and Lansman, 1991b; Forti and Pietrobon, 1993; Slesinger and Lansman, 1996) . To determine whether this diversity represents the contribution of different gene products or different transcripts of a single gene will require additional experiments.
The finding that N-type channels contributed little to facilitation in the absence of G-protein activation is consistent with the results of Bourinet et al. (1994) , who showed that the cloned ␣ 1B produces nonfacilitating currents. Class A Ca 2ϩ channels are found throughout the brain, including the Purkinje and granule cells of the cerebellum . Class A channels are blocked strongly by -CTX-MVIIC but only weakly by -aga-IVA Stea et al., 1994) . Thus, the dihydropyridineinsensitive facilitation described in this paper has pharmacological properties that are consistent with class A Ca 2ϩ channels . Although the currents produced by the expression of ␣ 1A subunits do not show facilitation , both the ␣ 2 ␦ and ␤ subunits produce marked changes in its gating and permeability characteristics (De Waard and Campbell, 1995) .
Physiological significance
During the development of the cerebellum, postmitotic granule cells migrate from the external to the internal granular layer in close contact with glial fibers. The granule cell parallel fibers begin to form synapses on Purkinje cells during the first postnatal week, with active synaptogenesis reaching a peak during the second and third postnatal weeks. A number of studies have pointed to changes that occur in the excitability of granule cells corresponding to the periods of migration and synaptogenesis (Komuro and Rakic, 1992; Rossi and Slater, 1993) . Studies of cultured granule cells have also revealed developmentally regulated changes in the pharmacological sensitivity of The bath contained 1 M Bay K 8644 to prolong the opening of L-type Ca 2ϩ channels. i, Single-channel currents evoked by a test pulse to Ϫ30 mV. ii, Currents evoked by the test pulse to Ϫ30 mV when the test pulse was preceded by a voltage step to ϩ90 mV. The prepulse produced only a small increase in singlechannel activity. iii, The I-V relations of the small conductance Ca 2ϩ channels in cells that had been in culture 1 d. B, Single-channel activity recorded from a cell-attached patch on a cerebellar granule cell that had been in culture 6 d. i, Single-channel currents evoked by a test pulse to Ϫ30 mV. ii, Currents evoked by the test pulse to Ϫ30 mV when the test pulse was preceded by a voltage step to ϩ90 mV. There is a large increase in channel open probability when the test pulse is preceded by the positive prepulse. iii, The I-V relation of the large conductance (ϳ25 pS) L-type Ca 2ϩ channel. The 25 pS L-type channel was observed in 0/6 patches on cells at 1-4 DIV and 4/7 patches on cells at 6 -9 DIV. The small conductance L-type channels were observed in 6/6 of the patches on cells at 1-4 DIV and 3/7 patches on cells at 6 -9 DIV.
